Abstract. Bamboo is a rapid renewable plant that has a fast growth rate as compared to trees, which increases its suitability to be used as a sustainable source for wood industry, especially in construction works. Due to the lack of understanding on bamboo properties, the utilization of bamboo in construction has always been neglected. This paper presents an investigation on the mechanical properties of four species of treated bamboos that are available in Malaysia, which include Bambusa Vulgaris, Dendrocalamus Asper, Schizostachyum Grande, and Gigantochloa Scortechinii. A mechanical testing was carried out in various parts along the culm of these bamboo species in order to examine the differences of their compressive strength and tensile strength. The strength development and moisture content of these bamboo species were also monitored at a five-month interval. The results showed that Bambusa Vulgaris, Dendrocalamus Asper, and Gigantochloa Scortechinii possess excellent mechanical properties in compression and tensile strength, which indicate a good quality to be used as a construction material. As bamboo offers promising advantages, thus, it is suitable to be used as a substitute in place of structural timber in construction, which indirectly facilitates the preservation of the global environment.
Bamboo has a nature form comprising a cylindrical pole with jointed stem known as a culm. There are over 1500 identified bamboo species in the world [2] . As one of the fastest growing plants, bamboo can reach a full height ranging from 15-30m in a period of two to four months [3] . All bamboo species has a similar anatomy, which consists of nodes, internodes, and diaphragm as shown in Figure 1 . Each species can be identified according to their root system, in which there are three known root systems including, sympodial, monopodial, and amphodial [4] . The thickness of a bamboo decreases along the height of the culm, while the fibres density increases from the bamboo culm's inner wall to outer wall.
Fig.1 Bamboo anatomy
Bamboo forest has a higher harvest cycle, with up to four times of carbon density per hectare in comparison to spruce forest [5] . This means that bamboo can be harvested in a short period of time, in addition to having a high rate of carbon absorption as compared to timber. Recently, there is a growing interest in using bamboo as a construction material, in place of timber. In China, contractors have utilized bamboo as scaffoldings, while in Bali, bamboo is used to construct a Green School [6] , where all structural components of the building is sourced from a local bamboo supplier. In contrast, in other developing country, the utilization of bamboo as a construction material is scarce, even with an abundance of bamboo source available. Lack of study concerning the mechanical properties of bamboo is known to be one of the factors that is associated with a low utilization of bamboo in construction.
The ability and capacity of bamboo to withstand the force applied onto it is very important. The strength and moisture content of the bamboo are among the most important factors, which determine both ability and capacity of full bamboo culm. Bamboo with a moisture content of 15% or lower tends to have good mechanical properties and is less vulnerable to fungus attack [7] . In determining the strength of bamboo, 12% of moisture content in air-dry condition has been regarded as a standard and reference [8] . In terms of durability, it varies according to species and age ranges. It is estimated that an untreated bamboo has a design life of approximately 10-15 years if it is stored appropriately, while a treated bamboo will have a much longer design life [9] .
The strength of bamboos also depends on age ranges and species, which determines their suitability to be used in construction when they reach maturity age of around 3-4 years. In maturity, bamboos possess an optimum strength and are suitable to be used for heavy-duty applications. It has also been found that bamboos' compressive strength increases along their height, in addition to increasing compressive strength from the inner part to the outer part of their culm [10] - [13] .
The aim of this research is to investigate on the mechanical properties of different species of local bamboos. This research is a part of an experimental work which focuses on the possibility of utilizing bamboo as a construction material.
Materials and methods

Preparation of the bamboo
There are four bamboo species involved in this research, which are sourced from Perak, Malaysia. Those four bamboo species include, Dendrocalamus Asper, Bambusa Vulgaris, Schizostachyum Grande, and Gigantochloa Scortechinii. These four bamboo species were selected and left to dry for about three weeks until the colour of the bamboos turned yellowish from their original colour. They were subsequently treated by using boric acid, in order to increase their durability and ability against fungus attack. Figure 2 shows a pile of felled bamboos gathered prior to mechanical testing.
Fig.2 Four bamboo species
Mechanical testing
All bamboo species were cut into small samples, in which the samples were taken from the internode of the bamboo culm. Three tests have been involved in this research including, compression, tensile, and moisture content, in accordance with ISO 22157 Part 1 [14] .
All specimens were cut from the bottom, middle, and top parts of the bamboo and marked with letters B, M, and T, respectively. For compression test and tensile tests, all specimen with free nodes were selected. The outer diameter of the bamboo specimen, D, to be used for compression test was measured from two opposite points of the outer surface. The average diameter was recorded. Average wall thickness, t, of the bamboo culm was measured from four points, separated by a 90º angle around the diameter of the specimen. Compression test was carried out by using a Universal Testing Machine, where the specimens for four bamboo species were tested under a constant rate of 0.01mm/s, as shown in Figure 3 . Maximum load for each specimen was recorded by using a data logger.
Fig 3. Bamboo specimen under compression test using Universal Testing Machine
Upon completion of compression test, small samples with a dimension of 25mm x 25mm, as shown in Figure 4 were taken and cut immediately from each bamboo species' specimen to undergo moisture content test. The samples were then weighed. Subsequently, they were dried in a hot air drying oven at 103 ± 2ºC for 24 hours. In order to quantify the amount of moisture content left after being dried in the hot air drying oven, the samples were weighed again and the weight was recorded. Standard tensile strength test as described in ISO 22157 Part 2 [15] directs that specimens should be cut into a 'dogbone' shape. The specimens in this study were cut radially from the culm wall, in order to produce a 'dogbone' shape. All of the specimens were cut and prepared parallel to bamboo's fibre. For testing the specimens' tensile strength, a 0.01mm/s load was applied gradually. The setup of the tension test, which was arranged parallel to bamboo's grain is shown in Figure 5 .
Fig 5. Tensile strength test setup
Results and discussions
Compression test and moisture content
Compressive strength and moisture content of bamboo specimens are reported in Table 1 . The strength of each bamboo species' specimen was tested at a five-month interval in order to determine the strength development of the bamboo. 
As reported in Table 1 , the average compressive strength of bamboo was observed to be high at the top part of all bamboo species, followed by middle, and lastly, bottom part. The different values signify the different specimen locations where the specimens were cut. Specimens taken near the culm's base were slightly weak and older than the specimens that were taken far from the culm's base. The difference in this property is attributed to the presence of big vascular bundles that are present in bamboos. Vascular bundles are responsible for transporting all the nutrients from culm's base during the life of bamboos. These vascular bundles have indirectly resulted in a lower fibre content at the culm's base as compared the top part of the culm. After a five-month interval, a second compression test was conducted. The result showed a similar trend, whereby the top part of the culm possesses a high compressive strength as compared to middle and bottom parts. In moisture content test, after a five-month interval, the moisture content of bamboo specimens fell. This resulted in a higher compressive strength of the specimens as compared to one month old specimens. The moisture content of the specimens fell gradually, as all the specimens were kept in an air drying storage. As presented in Table 1 , the moisture content of all four bamboo species' specimens ranges from 19.63% to the lowest moisture content, 14.01%, which is two percent short from the desired optimum moisture content, 12.00%. Visual inspection on the specimens after compression test also revealed multiple cracks, which eventually led to splits as individual specimens' sections buckled. These vertical cracks are shown in Figure 7 . From this figure, it is the evident that bamboos with air-dried culms experienced brittle failure.
Tensile test
Tensile strength test parallel to bamboo's grain was carried out in the same condition as compressive strength test, where the specimens used had undergone hot air drying. The result of the tensile test is shown in Table 2 . Table 2 Lastly, Table 5 shows the tensile strength of Schizostachyum Grande species. The top part of this species shows the highest tensile strength reading as compared to its middle and bottom parts' readings. However, in comparison to other three bamboo species, Schizostachyum Grande shows the lowest recorded readings of tensile strength. Figure 8 shows failures of specimens taken from tensile test. Most of the specimens experienced similar mode of failure, which comprised of the combination of tension and shear parallel to grain. This mode of failure is different as compared to timber, which has rays and knots that cause it to withstand less stress through the length of stalk.
Fig 8. Mode of failure on tensile specimens
Based on previous research findings, bamboos show a good performance in strength properties as compared to other materials such as wood and steel. Table 6 shows the comparison of strength properties of spruce wood, steel, and bamboo [16] . Bamboo possesses higher compressive and tensile strengths when compared with spruce wood, but lower when compared with steel. 
Conclusions
The present study indicates that bamboo has a promising potential to be used as a construction material. The findings also indicate that the utilization of bamboo should be practiced widely. In the study, compression, tensile, and moisture content tests were conducted to test four bamboo species' ability and capability. Following a five-month interval, the compressive strength of all bamboo species had increased due to degraded moisture content. In addition, all bamboo species exhibited a good performance in tensile strength test. From the overall result of mechanical testing, Dendrocalamus Asper and Bambusa Vulgaris species endured the highest compression and possess the highest tensile strength, followed by Gigantochloa Scortechinii and Schizostachyum Grande species. Thus, the experimental results revealed that bamboo has a good performance in strength properties.
